A scheme for the assembly of aspartate transcarbamoylase (EC 2.1.3.2; carbamoylphosphate:Laspartate carbamoyltransferase) from catalytic and regulatory subunits is presented along with a technique for detecting intermediates and measuring the kinetics of assembly at protein concentrations of about 10 nM. 1251_ labeled subunits (108 cpm/pg) were used, and the reaction was "stopped" at specific times with an appropriate "chase" followed by electrophoretic separation and measurement of the amounts of the various species. Two intermediates were identified. A stable enzyme complex lacking one regulatory subunit is the principal product when catalytic subunits are in excess. A transiently stable complex lacking one catalytic subunit is the principal species when regulatory subunits are in excess. Measurements with mixtures of the purified regulatorydeficient molecules and free regulatory subunits gave a second-order rate constant of 105 M-1 sec-1 for the formation of bonding domains between catalytic and regulatory chains. No data for the rate of rupture of these bonds are available, but the kinetics of the assembly of the enzyme in vitro can be accounted for if this value is about 10-2 sec-'.
Although considerable research has been done on the assembly of large complexes like viruses, ribosomes, flagella and membranes, there have been only a few reports about the sequence of steps in the assembly of the simpler oligomeric enzymes. The allosteric enzyme, aspartate transcarbamoylase; (EC 2.1.3.2; carbamoylphosphate: -aspartate carbamoyltransferase) (ATCase) from Escherichia coli, is ideal for such studies because it is a well-defined oligomer (1) composed of six catalytic (c) and six regulatory (r) polypeptide chains (2) (3) (4) (5) (6) and it can be dissociated into catalytic (C) and regulatory (R) subunits and then reconstituted in high yield (1, 7) . The c chains are organized as trimers (6) and the r chains as dimers (6, 8, 9) , both in the intact enzyme and after its dissociation with certain mercurials. Recent evidence from electron microscopy (10) and x-ray diffraction studies (11) has provided support for a model of ATCase (6) as a complex of two C subunits bridged by three R subunits, i.e., C2R3. AcAbbreviations: ATCase, aspartate transcarbamoylase; C, catalytic subunit; R, regulatory subunit; c, catalytic polypeptide chain; r, regulatory polypeptide chain; CR3, C2R2, and C2R3, complexes containing C and R subunits in the amounts designated by the subscripts; *C, 125I-labeled C; Cs, succinylated C; CCsR3, an ATCase-like molecule containing one C, one Cs, and three R; TNP, trinitrophenyl. * Submitted in partial fulfillment of the requirements for the Ph.D. degree in Biochemistry.
t To whom requests for reprints should be addressed. 3221 cording to this model there are six c: c bonding domains linking the c chains within each of the two trimers, three r: r bonding domains linking the r chains in the three R dimers, and six c: r domains linking the c and r chains (6, 12) .
At protein concentrations of several mg/ml the association of C and R, as measured by spectral changes in stopped flow experiments, is completed within seconds (13) . In order to study individual steps in the assembly process and to identify and characterize possible intermediates, we turned to a sensitive technique that permitted kinetic measurements on solutions so dilute (,ug/ml) that the assembly required about 30 mint. The method involved mixing, for example, 1251-labeled C (106 cpm/lg) with excess R followed by "stopping" the reactions at various times by the addition of unlabeled C. The various species, 125I-labeled C, 125I-labeled intermediates, and 1251-labeled ATCase, were then resolved by electrophoresis on polyacrylamide gels and their amounts were determined (13) . As shown below, this technique permits a preliminary kinetic analysis of the assembly of ATCase from its subunits and the identification of some transiently stable intermediates. Scheme for the Assembly of ATCase. Many reactions might be implicated in the assembly of ATCase from its composite subunits; the various pathways are shown schematically in Fig. 1 . ATCase can be formed by (a) the reaction of CR3 with C, (b) the combination between CR2 and CR, and (c) the reaction between C2R2 and R. Of the possible intermediates, only C2R2, an ATCase-like molecule lacking one R (14, 15) , is sufficiently stable to be prepared in pure form. Some of the reactions in Fig. 1 are probably reversible, but those leading to the rupture of c: r bonding domains are not considered at present. If such dissociation reactions are slow and R is in large excess during the assembly, the principal product would be CR3, an intermediate postulated by Chan and Mort (16) on the basis of the unusual enzymic behavior of mixtures containing C and a large excess of R.
In this scheme we have not considered other possible reactions. First, those involving individual c chains may be neglected since intact C subunits are incorporated directly into ATCase (6) . Furthermore, the lack of hybridization between native and succinylated C (Cs) over extended periods of time in neutral buffers indicates that the dissociation of subunits into single chains is extremely slow. Second, pathways involving a transient association of C subunits followed by the stepwise addition of three R subunits cannot (8, 9) . Since the dissociation constant of R to chains is estimated to be in the range 100-0.1 nM (6), there will be a significant fraction as single chains at the protein concentrations (10 nM) used in our experiments. Nonetheless, we assume for the present that R subunits (rather than r chains) combine directly with C. The validity of this assumption must be tested in the future with crosslinked R dimers, which combine with C to give ATCase-like complexes in high yield (6) , in order to determine whether additional reactions must be added to those depicted in Fig. 1 .
MATERIALS AND METHODS
Materials. ATCase and C and R subunits were prepared as described (6, 7, 12, 17) . Cs containing six succinyl residues per chain was prepared by treating C with 1.6 equivalents of succinic anhydride per lysyl residue (4, 9) . Reaction of C with trinitrobenzene sulfonic acid (18) gave a trinitrophenylated protein, CTNP, which, on the basis of its absorbance at 344 nm, contained two TNP-groups per chain and combined readily with R to give ATCase-like molecules. CTNP was formed by adding 0.6 ml of C at 3 mg/ml in 20 mM triethanolamineHCl buffer (pH 8.5) to 1.4 ml of a solution of trinitrobenzene sulfonic acid, at 1 mg/ml, in the same buffer; after 150 min the reaction was terminated with 2 ,Al of 2-mercaptoethanol.
"25I-labeled C (*C), 106 cpm/ltg, was prepared by the method of Syvanen et al. (19) , and l5I-labeled R (*R) was prepared by reacting R with 126I-labeled methylparahydroxybenzimidate-HCl by the procedure of F. T. Wood and J. C. Gerhart (private communication) who kindly donated the methylparahydroxybenzimidate-HCl.
C2R2 (14, 15) was prepared by partial dissociation of ATCase with neohydrin (17) . About 60 Ml of a neohydrin solution, 10 mg/ml in 0.1 M Tris-HCl at pH 9.25, were added to 26 mg of ATCase at a concentration of 20 mg/ml in 10 mM
Kinetics of association of *C and R to form ATCase and C2R2. The solutions of *C and R in 40 mM potassium phosphate buffer (pH 7.0) containing 10 mM 2-mercaptoethanol and 0.2 mM Zn2+ were mixed at 220, and at various times, indicated on the abscissa, aliquots were removed and the assembly was "stopped" by the addition of an equal volume of 40 IAM unlabeled C. The species were separated and counted for 126I as described in Materials and Methods, and the results are expressed on the ordinate as % of total radioactivity converted into ATCase and C2R2. In (A) the initial concentrations were 5 nM for *C and 120 nM for R. The corresponding concentrations in (B) were 100 nM and 30 nM.
Tris-HCl at pH 8.4. After 1 hr the reaction mixture, containing about 20% ATCase, 40% C2R2, and 40% C, was fractionated chromatographically to give C2R2, which appeared identical to that produced by reconstitution from R and C, with the latter in excess (15) . Dissociation of ATCase with phydroxymercuribenzoate also produces some C2R2 (20) .
Methods. Resolution of C and ATCase or R and ATCase was performed by polyacrylamide gel electrophoresis with 5% and 7.5% gels, respectively, with the buffer system of Jovin et al. (21) . Hybrid ATCase-like molecules containing C and Cs were separated with 5% gels and the discontinuous Trisbarbital buffer system described by Gabriel (22) . Gels were stained with Coomassie Brilliant Blue G-250 (Serva) by the method of Diezel et al. (23) . Sedimentation experiments were conducted with a Beckman model E ultracentrifuge equipped with a photoelectric scanner (24) . Sucrose gradient sedimentation experiments were performed with a Spinco model L centrifuge and a SW 50 rotor.
Kinetic analvses of the incorporation of *C and/or *R into ATCase and intermediates were based on the assay of R Proc. Nat. Acad. Sci. USA 71 (1974) described by Syvanen et al. (19) . This technique involved mixing, for example, *C with a large excess of R followed by the removal of aliquots at specific times and the addition of a large excess of unlabeled C. By means of this "chase," the unused R was consumed and the reaction was effectively stopped. The various species were then resolved by electrophoresis, and the amounts of *C, *ATCase, and lwI5labeled intermediates were measured with a Nuclear-Chicago y counter. The electrophoretic technique yielded a clear separation of C2R2 from ATCase; thus, the kinetics of formation of the intermediate, *C2R2, in the assembly process could be measured directly. Aggregates in small amounts were detected in most experiments. RESULTS
Conversion of *C into Intermediates and ATCase. Fig. 2A shows the results of a kinetic experiment with a mixture containing initially *C at 5 nM and R at 120 nM. About 80% of the radioactivity was recovered as ATCase and C2R2, with an additional 5% appearing as aggregates. The half-time of formation of ATCase was about 5 min. In contrast, C2R2 was formed more rapidly, attained a maximum within 1 min, and then decreased in amount slowly during the remaining 30 min. Over the range of concentrations used in the kinetic experiments the counts in *C and *ATCase were proportional to the amounts of these components applied to the gels. C2R2 as an Intermediate in the Assembly Process. As seen in Fig. 2A , the "incomplete" molecule, C2R2, was detected in reaction mixtures containing a large excess of R relative to C. Fig. 2B shows that the dominant product was C2R2 when the reaction mixture contained an excess of C (100 nM) relative to R (30 nM). The half-time for formation of both C2R2 and ATCase was about 5 min.
The technique used in these experiments has a serious pitfall in that the hypothetical intermediates, *CR2 and *CRs, would have been converted, respectively, to *CCR2 and *CCR, upon the addition of C during the "stopping" reaction. Therefore, the species identified as C2R2 represents the sum of C2R2 and CR2; similarly, the product identified as C2R3 (ATCase) corresponds to the sum of C2R3 and CR3. As shown below, this ambiguity is eliminated in part by "stopping" the assembly with Cs, which produces hybrid species that migrate to different positions from those for molecules completed before the addition of the "chase." In this way *C2R3 is separated from *CCsR3, and *C2R2 is distinguished from *CCsR2, CRM as an Intermediate in the Assembly Process. Fig. 3 shows results obtained with Cs as a "stopping" reagent. When the initial concentrations were 10 nTM for C and 120 nM for R, the principal product was ATCase with a half-time of formation about 6 min (Fig. 3A) . 
FIG. 3. Identification of intermediates in the assembly
process by use of Cs as a "stopping" reagent. The procedure was similar to those in Fig. 2 except that 100-il aliquots were removed at various times and the reactions were "stopped" by the addition of 50 ,u of 40 /u1I Cs. In (A) the initial concentrations were 10 nM of *C and 120 nM of R. In (B) the reaction mixtures contained initially *C at 10 nM and R at 600 nM. The species CCsR3 migrated on the gels to a position significantly ahead of C2R3.
shown in Fig. 3B , the rate of formation of C2R3 was much less (than in Fig. 3A) when the initial concentration of R was raised to 600 nM, and the principal product formed initially (24) and light of 344 nm. As seen in Fig. 4A (pattern 1 Fig. 4A ). In different experiments the amount of 9S component varied from 50 to 90%, with about 10% of the material appearing as aggregates. The 9S species was converted to the 12.8S component upon storage of the solution at room temperature. In one experiment the 9S material decreased from 70% of the total at 1 hr after its formation to 50% at 5 hr and 15% at 24 hr. When 1.5 MM CTNP was mixed with a stoichiometric amount of R and then sedimented in the presence of 200 MM R, the observed boundary, as seen in Fig. 4A , value of about 9 S was also seen as a major component upon rapid mixing of unmodified C (0.4 MM) and R (33 MM). This is shown by the results (Fig. 4B) dient containing 33 MM R. Prior mixing of stoichiometric amounts of C and R, followed 5 min later by the addition of a large excess of R, gave predominantly ATCase.
On the basis of the well-known relationship (25) that 820 is proportional to the two-thirds power of the molecular weight, 820, for CR3 is estimated to be 9.4 S and 9 S from the measured values for C and ATCase, respectively. Thus, the observed value of 9 S for the intermediate is consistent with the interpretation that it has the structure, CR3.
Rate of Formation of the c:r Bonding Domain. Since the assembly of ATCase from C and R, as seen in Fig. 1 , involves a series of different reactions occurring simultaneously, a kinetic analysis in terms of the formation of the c: r bonding domains is complex. However, the availability of the reasonably stable intermediate, C2R2, permitted a direct measurement of the rate of the relatively simple reaction, C2R2 + R --C2R3. Such studies were conducted with *R and C2R2 at different molar ratios. When *R was in excess (Fig. 5) , C2R2 was converted completely to ATCase within 10 min even at very low concentrations of C2R2 (2.8 nM) and *R (15 nM). On the assumption that the reaction is irreversible, we plotted the data in terms of the transform of a general second-order rate reaction. Fig. 5 I I I I I small that there is no exchange of *C from already formed ATCase when excess C is added as a "chase." Similar considerations apply when excess R is used to "stop" the assembly. These requirements appear to be satisfied since no release of *C or *R was observed from *C2R3 or C2*R3, respectively, when they were incubated with unlabeled subunits for one week. This stability apparently is achieved without slow annealing of the nascent complexes, since virtually no exchange was detected when unlabeled subunits were added only 5 see after the formation of *ATCase at protein concentrations such that assembly was complete within 2 sec. C2R2 appeared to be similarly resistant to subunit exchange in the assembly experiments even though it does disproportionate under different conditions to give C2R3 and free C (15) .
Certain aspects of the assembly of ATCase from its subunits are already clear. When C is in excess (relative to R) the intermediate, C2R2, is formed as a principal product, as shown in Fig. 2B . It is likely, but not proved, that C2R2 is formed transiently when R is in excess. The material shown as C2R2 in Fig. 2A may be largely CR2 that was then converted to C2R2 during the "chase." As expected from the scheme in Fig.  1 , the production of ATCase is actually diminished when R is in very large excess (see Fig. 3B ). Under these circumstances the dominant species is CR3, the existence of which had already been inferred by Chan and Mort (16) from the unusual enzyme kinetic behavior of mixtures containing small amounts of C and a large excess of R. Although as yet no direct determination of the molecular weight has been made, the 820,w value of 9 S provides strong evidence that this intermediate has the structure CR3.
The intrinsic second-order rate constant, 1 X 105 M -'sec -1, obtained from the reaction between C2R2 and R to give ATCase, is only a preliminary value. Further improvements in the preparations and the technique will doubtless lead to some refinement in that value. Perhaps confirmatory evidence can also be obtained from the sequence of reactions leading to CR3 when a large excess of R is added to C. A mathematical model predicting the concentration of all intermediates in Fig. 1 as a function of time has been developed and subjected to computer analysis (M. Bothwell and H. K. Schachman, in preparation). This model, coupled with the assumption that the rate constant for the rupture of a c: r bond is 10-2 sec', accounts satisfactorily for the data obtained thus far. With these rate constants it is possible also to account approximately for the kinetics at the higher protein concentrations in the stopped flow experiments.
As yet there is no direct information as to the rate of rupture of a c:r bonding domain. In ATCase all the R subunits are held in place by two such bonding domains and dissociation is extremely slow. With CR3, however, it should be possible to measure the rate of 'dissociation of R relatively directly.
Such data, in conjunction with the rate constant for the formation of a c: r bond, would provide valuable information about the strength of these bonding domains. If these rates can be measured in solutions containing different effectors, like substrate analogs and inhibitor, we may be able to assess the role of the c: r bonding domains in mediating the homotropic and heterotropic effects exhibited by ATCasel.
The relationship of these assembly experiments in vitro to the biosynthesis of ATCase has yet to be established. If in Escherichia coli under complete repression by uracil there is only one molecule of ATCase per cell, the concentration of enzyme would be about 10-7 M. At this level of subunits the assembly of ATCase would be complete in a few seconds. Thus, if the formation of ATCase in vivo involves preformed subunits, the assembly via the reactions depicted in Fig. 1 would not represent a rate-limiting process since the synthesis of the polypeptide chains (and perhaps their folding and association to give C and R subunits) would be slower.
